Abstract: Surface fault rupture during recent earthquakes has significantly damaged structures. Although several researchers have studied surface fault rupture, the effects of fault rupture propagating through soil that has been ruptured previously have not been investigated. Yet, faults rupture multiple times so that native soil deposits will have likely undergone previous ruptures that would have developed shear bands within the soil, and the stress state of the soil will have evolved because of these events. In addition, the predominant modes of soil shearing during the fault rupture process have not been characterized fully. Numerical simulations are performed to analyze the mechanics of dip-slip surface fault rupture and to explore the effects of previously ruptured soil. The numerical results demonstrate that the soil rupture process occurs in two distinct stages. First, broad deformation occurs before strain localization, which is followed by more localized deformation after shear band formation. Stress paths in the rupture zone are analogous to plane-strain extension (loading) and plane-strain compression (unloading) element tests for reverse and normal faults, respectively. The performance of structures significantly depends on whether the soil has been ruptured previously.
Introduction
Surface fault rupture is an important design consideration in projects built across or adjacent to active fault traces. At times, it is not possible to avoid active fault traces, and there is no need to avoid minor faults if proper mitigation measures are incorporated (Bray 2001; Cluff et al. 2003; Gazetas et al. 2008; Bray 2009) . A key to developing a rational design and mitigation framework for this hazard is to fully understand the mechanics involved in the surface fault rupture process. Researchers who have performed numerical modeling of earthquake surface fault rupture have generally found it is essential that the simulations incorporate soil stress-strain nonlinearity, a well-defined failure strain, and postpeak strain softening (Bray et al. 1994a, b; Bray 2001; Anastasopoulos et al. 2007 Anastasopoulos et al. , 2009 Loukidis et al. 2009 ).
In previous studies, the soil that overlies the bedrock fault has not been ruptured previously. When conducting physical testing, soil has been prepared by dry pluviation, moist tamping, or consolidation without prerupturing the soil before conducting the test of interest Bray et al. 1993; Johansson and Konagai 2006; Ha et al. 2008; Bransby et al. 2008a, b) . Numerical simulations performed previously assumed that the soil deposit had at-rest stress conditions without a weak shear band at critical state or with slickensided properties (Anastasopoulos et al. 2007; Gazetas et al. 2008; Loukidis et al. 2009 ). This assumption is true for engineered fill placed over a fault, such as in the case of earth dams (Bray et al. 1992) or for the case of young unfaulted soils, which possibly occurred in the 2010 Darfield earthquake. However, most faults are located by excavating trenches and identifying evidence of prior ruptures. At such sites, it is not appropriate to assume that no prior faulting has occurred when conducting a physical or numerical analysis of the surface fault rupture. The concept that fault-induced ruptures typically follow previous shear rupture zones is a well-known concept (Sibson 1977) , and most faults have ruptured multiple times. Faults in bedrock often form features indicative of this continued damage, such as fault gouge. The analogous effect in unconsolidated sediment, however, has not been explored fully. This study expands upon previous studies with a focus on investigating the fundamental response of soil during shearing as a result of dip-slip fault displacement with consideration of the ruptured soil deposit's stress and strain history.
Previous Pertinent Work
Previous numerical modelers of surface fault rupture have used several soil constitutive models in their analyses. Bray et al. (1994b) employed the Duncan et al. (1980) hyperbolic model that incorporates stress-strain nonlinearity, stress dependency, and importantly, a well-defined failure strain. However, it does not include dilation or strain softening. Anastasopoulos et al. (2007 Anastasopoulos et al. ( , 2009 ) and Loukidis et al. (2009) used Mohr-Coulomb models modified to include strain softening. Each of these modelers assumed that the soil was initially in an at-rest stress state and did not consider the presence of existing shear fault ruptures in the soil deposit.
Failure strain, i.e., soil brittleness or ductility, is an important soil parameter in this problem (Bray et al. 1994b ). Dip-slip faults rupturing through ductile soil were found to delay the formation of a discrete offset at the ground surface. Ductile soils could absorb the underlying bedrock fault rupture and spread the fault offset across a broad zone of deformation at the ground surface. Brittle soils, however, form distinct shear bands from the bedrock fault to the ground surface after relatively little bedrock movement. While both ductile and brittle soils transmit fault movement to the surface, the key difference is the width over which that movement occurs and whether a distinct rupture plane has been formed. Bransby et al. (2008a, b) conducted centrifuge modeling of surface fault rupture. At least 16 centrifuge tests were conducted on dry sand typically compacted to a relative density of 60%. The height of sand above the model base was between 15 and 25 m in prototype scale. Both reverse and normal faults were modeled with and without foundations. The foundations were typically modeled as very stiff steel strip plates in addition to two flexible foundations. These foundations varied in width and applied load. These centrifuge tests, as documented by Bransby et al. (2008a, b) and with additional details provided by Gazetas and Anastasopoulos (personal communication, 2010) , were used as a basis for calibrating and validating the numerical simulations presented in this paper.
Numerical Procedures
The two-dimensional (2D), plane strain, explicit finite difference program FLAC is employed to assess the potential effects of prior earthquake ruptures on the surface fault rupture process for the case of dip-slip faulting. FLAC allows incorporation of a nonlinear soil model with postpeak strain softening, large-strain calculations, and remeshing, among other features useful for analyzing the fault rupture process.
The soil constitutive model UBCSAND (Byrne et al. 2004 ) was selected for capturing the nonlinear response of dry, uncemented sand. This is an elastoplastic constitutive model with nonlinear, stress-dependent stress-strain response; contractive and dilative volumetric response; and nonassociated flow rule. The version of UBCSAND used herein was based on code dated July 26, 2009, provided by P. Byrne (personal communication, 2009 ). The UBCSAND model was modified to enhance its capabilities for simulating the surface fault rupture process. Importantly, postpeak strain softening, which was identified previously by several researchers as being essential, was added. This modification decreased the soil yield surface after a peak stress condition was reached over a given strain interval to the critical-state stress ratio. Additionally, the UBCSAND model was modified to have a stress-dependent peak friction angle using a Df Duncan et al. (1980) -type approach and simplified by disabling parameters only required for capturing cyclic loading.
As a result of including strain softening in the soil constitutive model, the numerical simulations became mesh dependent (Simo et al. 1993 ). There are methods that can model strain-softening shear bands without mesh dependence (e.g., Simo et al. 1993) ; however, these methods are not widely available. Anastasopoulos et al. (2007) used a method to account approximately for mesh dependency effects, which was adopted herein. This method allows the strain required to fully soften the shear band to be scaled approximately to the mesh size. Based on work reported by Bransby et al. (2008a) , the shear band in sand was assumed to be approximately 16 d 50 wide, with a displacement of approximately 100 d 50 required to fully soften the shear band, where d 50 is the median grain size of the sand. When modeling sand deposits at prototype scale, a postpeak shear strain of 6% was required to reach critical state, which is appropriate for fine sand with a mesh size of 0.2 m. The anticipated width of the shear band was smaller than the mesh size because it was unreasonable to employ a mesh size of only 0.002 m, i.e., 16 d 50 . When modeling centrifuge tests performed at 115 g, the particle grain size increases by a factor of 115 at prototype scale, so the shear strain required to fully soften the shear band was increased by a factor of 115 after adjusting for a mesh size that equaled the width of the shear band, i.e., 0.4 m at prototype scale (Bransby et al. 2008a) . In this way, the width of the shear band and the displacement required to fully soften the shear band were captured well in the back-analyses of the centrifuge tests.
The UBCSAND plastic shear modulus was decreased significantly using the UBCSAND parameter hfac1 to capture realistic failure strain values for soil. As a result of using a lower than typical plastic modulus value, the UBCSAND shear modulus reduces from its small-strain maximum value to the large strain value too abruptly at the threshold strain value. This compromise is reasonable because it is more important to capture the soil's failure strain than to calculate small differential movements away from the shear rupture precisely. All other UBCSAND model parameters were assigned conventional values (M. Beaty, unpublished presentation, 2007) , except instead of varying the parameter R f slightly, it was set to 0.95 to obtain a relatively high level of nonlinearity in the soil's stressstrain response. Table 1 provides a complete list of the baseline modified UBCSAND parameters used in this study. Fig. 1 presents the resulting plane-strain compression response.
The underlying fault movement was modeled as a single, distinct offset of rigid bedrock. The finite difference model's boundary conditions were implemented similarly to those of other researchers (e.g., Bray et al. 1994b; Anastasopoulos et al. 2007 ). The footwall lateral boundary was fixed in the horizontal direction, and the footwall base boundary was fixed in both the horizontal and vertical directions. On the hanging wall, at both the base and lateral boundaries, velocity was applied in the direction of fault movement. Fig. 2 shows a representative progression of shear strain contours with increasing fault movement. As conventionally done, the bedrock fault displacement was applied pseudostatically, i.e., transient ground motions were ignored, using the combined damping formulation in FLAC. Convergence of the model element size and time increment were checked to ensure accurate numerical results, and numerical indicators of convergence were also tracked. Foundations, when employed in the centrifuge tests, were modeled as beam elements with appropriate structural properties. Foundation elements were surrounded by interface elements with frictional properties similar to those of the underlying soil. The simulations with structural beam elements were analyzed in largestrain mode until just before the mesh was distorted beyond its ability to continue with large strain calculations; fault movement was then continued with small-strain calculations because FLAC does not currently support remeshing when models contain structural elements. Additionally, a three-story steel moment frame, as described by Lee et al. (2004) , which was supported on a stiff reinforced-concrete mat foundation, was analyzed to further evaluate soil-foundation-structure interaction aspects. This structure has 4-m-story heights, 10-m-wide bays, W14 3 211 and W14 3 370 columns, and W30 3 90 to W30 3 116 beams. Full moment connections were assumed. The reinforced-concrete mat foundation was 0.45-m thick, unless otherwise noted, with typical reinforcement detailing.
Simulation Validation
The capabilities of the numerical simulations were validated using the centrifuge tests conducted by Bransby et al. (2008a, b) . Fig. 3 presents the results of their centrifuge test 28 and the present study's corresponding numerical simulations for comparison. In Fig. 4(a) , the displacements recorded at the soil surface match those calculated with the numerical model closely; note that ground surface is defined as within 1 m of the ground surface herein to match the position of the available centrifuge data except when centrifuge data are not being compared in which case the actual ground surface is used. Fig. 4 (b) presents the same comparison in terms of calculated angular distortion; angular distortion is averaged over a 3.2-m width. Similar comparisons of the centrifuge test and numerical results were made for the experiments that included a very stiff model mat foundation. Fig. 5 presents a comparison of the recorded angular distortion for centrifuge tests 20 and 30 and the calculated angular distortion. The numerical simulations were able to capture the key trends observed in the centrifuge tests so the FLAC analyses using the modified UBCSAND model are judged to be reasonable.
These findings are similar to those of previous researchers (Anastasopoulos et al. 2007 ) that demonstrated that nonlinear soil models with a well-defined failure strain and postpeak drop in shear strength can capture the key features of fault rupture propagation through previously unsheared soil. The numerical simulations capture the transition in the shape of ground surface deformation before and after the distinct shear rupture has propagated to the ground surface. The location of the shear band in the soil above the ruptured bedrock fault is similar in shape and location to that found by others (e.g., Bray et al. 1994b and Anastasopoulos et al. 2007) , and the shape of the deformed ground surface is similar to that observed in the field following earthquakes (Kelson et al. 2001 ).
Effects of Reverse and Normal Faulting on Soil State and Stress

Reverse Faults
The evolution of the state of stress in the soil deposit overlying a displaced bedrock fault was explored through validated numerical simulations. Such results have not been reported thoroughly in the literature.
The developed shear band was found to project away from the bedrock fault at approximately the same angle as the fault dip. The dip of the shear band dip decreased slightly as it approached the ground surface. Stress ratio was calculated to be relatively high over a broad zone around the shear band. Principal stress orientations were calculated for reverse ruptures for the boundary conditions and model parameters specified previously (see the UBCSAND parameters in Table 1 ). Fig. 6 presents a representative stress pattern. For normally consolidated, at-rest soil deposits with K 0 5 0:45, the principal stresses are rotated over a wide area, forming an arch of stress over the bedrock fault. In situ K 0 stress conditions are maintained away from the bedrock dislocation. A shear band is eventually formed in the center of the zone of high shear stress. The ground surface deformation response was highest at the outcropping location of this shear band and decreased away from the shear band on the hanging wall side of the fault. There was considerable less secondary ground deformation on the footwall side.
For an element in the center of the soil deposit in the location of the developing shear zone, the minor principal stress is increased until a near isotropic stress state is reached. Continued shearing causes the horizontal stress to exceed the vertical stress in the center of this region. As this occurs, the minor principal stress decreases and the major principal stress increases until a failure state is reached. Fig. 7 presents this stress path. The stress path of the soil in the location of the developing shear band, i.e., near the middle of the arch of stress zone, is most similar to the stress path of a plane-strain extension (loading) laboratory test (as defined in Wood 1990 ). However, the stress path also contains a component of minor principal stress reduction, unlike a typical plane-strain extension (loading) test. The stress path shown in Fig. 7 for the case of a reverse fault is also somewhat analogous to Rankine passive earth pressure conditions. It should take relatively more bedrock fault displacement to fully mobilize the Rankine passive condition than the Rankine active condition. While the details of this stress path are likely affected by the soil constitutive model employed in the simulations, the general trends of the calculated extension and loading responses were found to be consistent with those observed in simulations using several simpler constitutive models, e.g., Mohr-Coulomb.
Normal Faults
In normal faults, principal stresses rotate in a relatively small zone near the rupture. The major principal stress in the rupture zone bends over slightly to accommodate shear along the rupture plane. Unlike for reverse faults and high-angle dipping normal faults, low-angle dipping normal faults generate a second zone of high stress ratio antithetic to the primary rupture. A graben may or may not form in a high-angle dipping normal fault. In the case with a low-angle dipping normal fault, a graben is necessarily formed to kinematically accommodate curvature in the primary normal fault shear zone between the two zones of high stress ratio. Away from the fault, K 0 stress conditions are maintained. Fig. 8 presents a representative stress pattern for the case of a normal fault rupture.
The stress path in the shear zone during normal faulting can be represented by the plane-strain compression (unloading) shearing mode. The major principal stress remained almost constant, while the minor principal stress decreased until failure. The major principal stress rotated slightly but remained in a predominantly vertical direction. Fig. 7 also presents this stress path. The stress path shown in this figure for the case of a normal fault is also somewhat analogous to Rankine active earth pressure conditions, which can be contrasted to the case of the reverse fault movement discussed previously, which is somewhat analogous to the Rankine passive condition.
For the case of a vertical dip-slip fault movement, the stress paths were found to be in between those of the reverse and normal fault stress paths discussed previously. These stress paths were approximately vertical in the upward direction until dilation started to occur, and the major principal stresses were oriented in between the horizontal and vertical directions. This stress path is therefore more analogous to simple shear tests conducted in the vertical direction than to compression or extension tests. Because for a vertical fault, in which the boundary conditions neither produce a net amount of extension nor compression, the approximately vertical stress path was expected. Care is required when modeling surface fault rupture because the stress paths that form in a soil deposit overlying normal and reverse faults are quite different. This is especially so because the soil's failure strain should be smaller for the normal fault stress path than for the reverse fault stress path. The soil's failure strain varies for different stress paths using the same material parameters in the modified UBCSAND model used in this study. However, it may be necessary to use different material parameters to capture the dependence of failure strain and other key material responses as a function of stress path in some other cases.
Soil-Foundation-Structure Interaction
Anastasopoulos et al. (2009) described hogging and sagging soilfoundation-structure interaction modes for buildings with strip foundations in the fault rupture zone. In these analyses, there were similar tendencies for buildings to respond in one of these two ways. The edge of a shallow foundation could also cantilever when the underlying ground separates from the foundation. When buildings are present, the schematic stress distributions shown previously in Figs. 6 and 8 are largely maintained. Stress paths in the main shear band during surface fault rupture were found to be qualitatively similar to those of the free-field case. However, at both ends of the mat in the sagging case and in the center of the mat for the hogging case, large stress concentrations are added. Fig. 9 schematically shows this. In addition, secondary shear bands often develop with reverse fault movements as a result of soil-foundation-structure interaction. These two shear bands were found to propagate to the edges of foundation contact, as shown in Fig. 9 .
Effects of Previously Ruptured Soil Deposits
Methodology
To investigate the effects of previously ruptured soil deposits, a conventional bedrock fault rupture displacement analysis was performed as described previously until a distinct shear band had formed and produced a distinct surface offset. The finite-difference model nodal displacements were then reset to zero while maintaining the fault rupture-induced stress state in the soil deposit, and the ensuing analysis of interest was performed. For the case of a 15-m-deep soil deposit with the soil parameters described in Table 1 , approximately 2 m of bedrock fault offset was required to fully develop the shear band in the soil and to ensure that a distinct shear offset was produced at the ground surface. Thus, for all of the cases discussed herein, 2 m of bedrock fault offset was imposed before resetting nodal displacements to zero before the start of the analyses of fault rupture propagation through previously ruptured soil. Importantly, at the start of these later analyses, the stress state in the overlying soil deposit was not in the at-rest state. Instead, the soil's stress state was either as shown in Fig. 6 for the case of reverse fault rupturing or in Fig. 8 for the case of normal fault rupturing. The initial stage of imposing the 2-m bedrock fault offset was performed in small-strain mode in FLAC rather than in large-strain mode because this allowed the establishment of a perfectly flat ground surface condition after prerupturing so that buildings could be easily placed on the ground surface. Fig. 10(a) shows some comparisons of the results using the small-strain mode and large-strain mode for otherwise identical simulations of earthquake fault rupture propagation in the simulations. For the cases explored in this study, it is reasonable and practical to perform the initial stage of analysis in the small-strain mode and then perform the later analysis of the previously ruptured soil deposit in the large-strain mode. The two primary reasons why a numerical model calculates different results for the previously unruptured (virgin) case and for the preruptured case is because of differing initial stress states within the soil deposit and the prior existence of shear banding for the latter case. Therefore, when resetting nodal displacements, the stress state was maintained and the strain-softened shear band was kept intact. A series of analyses were performed in which the stress field was reset to K 0 conditions and strain softening was disabled in the constitutive model to evaluate the relative importance of the initial stress state and the preexistence of shear bands. The results of these analyses indicated that the dominant contributor to prerupture effects is the modified initial stress state, although the presence of the shear band is also important, and complicated interactions between these effects are possible. Fig. 10(b) shows the key trends in the results of these analyses in part.
While a shear band would most likely remain intact from earthquake to earthquake, the stress state caused by faulting would likely evolve after an earthquake as a result of stress relaxation (Lade et al. 2010) . Prior fault movements could also cause particle breakage in the shear band. The actual field case for surface fault rupture would likely be between that analyzed with this methodology and that analyzed from unruptured conditions. Alternatively, it may be reasonable to model prior ruptures and then partially or fully reset the soil stress state. However, some judgment is required in resetting the soil stress state of the previously ruptured soil deposit. Additionally, intervening erosion, deposition, strong ground shaking, and other phenomena complicate the estimate of initial stress conditions at a site.
Effects of Prior Fault Ruptures on Soil Response
Using this methodology, a series of analyses were performed to assess the potential effects that prior ruptures might have on the characteristics of surface fault rupture. The same conditions described previously for the centrifuge test 28 of Bransby et al. (2008b) were analyzed to evaluate the differences between the cases of previously unruptured and ruptured soil. Fig. 11 presents the representative results of the analyses of this test compared with the numerical results for unruptured soil. The resulting ground surface deformation was far more localized for the case of previously ruptured soil than for the previously unruptured soil condition. Consequently, the maximum angular distortion was increased for the previously ruptured soil, but angular distortion away from the fault was reduced. These results indicate that, at least when soilfoundation-structure interaction is neglected, rational building setback distances based on a maximum permissible angular distortion threshold should be greater for previously unruptured soil deposits and smaller for previously ruptured soil deposits.
For very loose soils, distinct shear band formation is not expected because the soil is contractive. For such soils, broad zones of deformation are expected. Thus, the effects of prior ruptures might be minor for such cases. The results of the fault rupture propagation through soil analyses performed for the preruptured and unruptured cases, as shown in Fig. 12 , confirm this hypothesis for the case of a loose sand deposit. As expected, 2 m of prerupture did not develop a distinct shear band nor did the soil undergo strain softening. Therefore, the resulting surface deformation profile was not markedly different than the deformation profile at the same site without previous ruptures. In contrast, dense soil deposits that are far more brittle than loose sand deposits, i.e., possess a lower failure strain, quickly develop failure stress conditions and a distinct shear band within the soil deposit. For the analysis presented in Fig. 12 , a notable difference between unruptured and previously ruptured soil was calculated for the case involving dense soil. 
Effects of Prior Fault Ruptures on Structural Response
The effects of prerupturing were also assessed while considering soil-foundation-structure interaction effects. When the same conditions as centrifuge test 30 in the Bransby et al. (2008b) paper were modeled without prerupturing, the main shear band formed at the edge of the foundation, away from the free-field location, as shown in Fig. 13(a) . The formation of the shear band in the soil deposit was diverted by the presence of the building. However, when prior shear rupturing was modeled before imposing additional bedrock fault displacement, the primary shear band was not diverted significantly by the building in the case analyzed, as shown in Fig. 13(b) . Instead, the fault continued to develop along its original free-field path. The tilt of the building foundation was therefore increased, and an unsupported length developed, causing increased bending moment in the foundation. The change in structural response between previously unruptured and previously ruptured conditions continued to persist at greater amounts of fault displacement.
The relative effects of prior ruptures on a building located directly above the fault or slightly adjacent to the fault were assessed by modeling the case of the three-story building reported in Lee et al. (2004) , which was described previously, under several different scenarios; two of these scenarios are discussed in this paper. In the first case, the moment frame steel structure was placed on top of the surface projection of a reverse fault and analyzed for both previously unruptured and previously ruptured conditions with a medium dense sand deposit. In the second scenario, the building was placed on the footwall side of a normal fault with dense sand and analyzed for both previously unruptured and previously ruptured conditions. Fig. 14 shows the results of these analyses for the reverse fault and normal fault cases. The structure placed directly on top of the surface projection of the reverse fault suffered approximately the same level of damage when the soil had already been ruptured compared with the previously unruptured condition when evaluated with the criteria by Son and Cording (2005) and comparing the moments calculated in the superstructure. This is likely the result of the increase of the confining stress induced by the structure that moved the soil stress state away from failure, which minimized the effects of the prior rupture. However, the structure sited adjacent to the normal fault suffered greater damage in the previously unruptured soil deposit condition as a result of more distributed fault rupture-induced ground deformation. The angular distortion of the ground, b, as defined by Son and Cording (2005) , was approximately 0.003 for the previously unruptured case and 0.001 for the previously ruptured case after approximately 2.1 m of vertical fault movement. Likewise, the additional moment demand in the second floor beam, defined as the beam above the ground floor, was approximately 630 kN×m for the previously unruptured case and approximately 280 kN×m for the previously ruptured soil deposit case. There are also cases in which the structural demands are larger for the previously ruptured scenario. The differing responses of the structures for these cases emphasize the importance of performing site-specific evaluations that consider critical factors, such as fault type and geometry, amount of fault displacement, soil deposit characteristics, structural characteristics, and location of the structure relative to the surface projection of the fault, and whether previous rupture events have modified the stress state and formed a localized shear rupture within the soil deposit.
Conclusions
Although previous researchers have studied how surface fault rupture might interact with structures, the potential effects of prior fault ruptures through the underlying soil deposit have not been investigated. Given that faults typically rupture multiple times in a semiperiodic manner and soil response is affected by stress history and the formation of shear bands, the potential effects of prior earthquake fault ruptures on fault rupture interaction with structures warrants investigation. This paper explored this issue by employing numerical simulations validated by existing centrifuge data. The finite difference simulations utilized an enhanced UBCSAND constitutive model that incorporated a well-defined failure strain and postpeak strain softening. The responses observed in a series of centrifuge tests performed by Bransby et al. (2008a, b) were captured well in the simulations.
In addition, a thorough examination of the primary modes of soil shearing during fault rupture and its effects on the soil deposit's stress state was studied. The numerical results demonstrate that the stress paths in the rupture zone are analogous to plane-strain extension (loading) and plane-strain compression (unloading) element tests for reverse and normal faults, respectively. The stress paths in vertical faults were found to be similar to a simple shear mode. In all cases, the state of stress in the fault rupture zone and the surrounding region were found to have evolved after the occurrence of bedrock fault ruptures, and distinct shear bands were formed during fault rupture if the soil was dilatant.
The soil response to underlying bedrock fault rupture occurs in two distinct stages. First, broad deformation occurs before strain localization, which is followed by more localized deformation after shear band formation. Given that faults typically rupture multiple times and soil response is affected by stress history and the formation of shear bands, the first stage of broad deformation may no longer occur for many dip-slip faults or may occur to a lesser extent during subsequent events. The extent to which the initial stage of broad deformation could still occur despite prior surface fault ruptures is likely a function of how stress relaxation could impact the initial stress state in a fault zone.
Modeling of prior rupture events through soil was simulated by imposing a bedrock fault offset sufficiently large to fully develop the shear band and resulting stress state in the soil deposit. Ground deformation response at sites with prior ruptures was found to be more localized, i.e., angular distortion was greater at the fault outcrop but lower away from the fault trace. As a result, structural damage would be more severe if the structure was located directly above the surface projection of the bedrock fault, but damage would be less severe if it were located adjacent to the fault when soilstructure interaction is ignored. In this set of analyses of dry sand deposits, there was no attempt to estimate the effects of stress relaxation between rupture events that could partially reset the developed stress state and cause increased distributed deformation. The amount of stress relaxation in a soil deposit depends on many factors, including soil type, time, and creep. In practice, it would be difficult to estimate the amount of stress relaxation reliably, so both cases of no and full stress relaxation would likely need to be considered.
Several cases of soil-structure-interaction were analyzed. In one case, a structure built directly on top of a preexisting fault did not divert the fault rupture around the building because the soil deposit was previously ruptured. However, in another scenario, the previous ruptures of the soil were found to have a minimal effect on the damage induced in the structure as a result of stress changes in the soil caused by placement of the structure. In a third scenario in which the structure was placed adjacent to the fault, significantly lower building damage was calculated when previous rupturing occurred, as expected based upon lower angular distortion calculated for the free-field case for ground away from the fault.
Thus, previous rupture events can significantly affect soil and structural responses to earthquake fault rupture. The effects of prior fault rupture events can be potentially detrimental or beneficial from the standpoint of structural performance in the near-fault vicinity. Therefore, the potential effects of prior fault ruptures need to be considered in evaluations of the response of structures to surface fault rupture when previous events have likely ruptured through an existing soil deposit.
